B
luetongue virus (BTV) is the prototype member of the genus Orbivirus, family Reoviridae, that causes a major infectious disease in ruminants transmitted by biting midges (1, 2) . The genome consists of 10 segments of double-stranded RNA, encoding 7 structural (VP1 to -7) and 4 nonstructural (NS1 to NS4) proteins (3, 4) . Traditionally, bluetongue virus infections have been endemic almost exclusively in temperate and tropical areas. However, since 1998 BTV has been introduced into the Mediterranean area and Northern Europe, having a negative economic impact (5) . Symptoms of BT disease result from the damage to small blood vessels and include oral ulceration, facial and pulmonary edema, vascular thrombosis, and necrosis of infected tissues (6) . After a BTV-infected insect bites a susceptible host, the virus replicates initially in the draining lymph node and disseminates to secondary organs (7) . Conventional dendritic cells (cDCs) have been implicated in virus dissemination from the skin to the lymph nodes (8) , contributing to the establishment of viremia, which can persist during long periods in some infected animals, in spite of concurrent specific humoral and cellular immunity (9) .
Mammalian innate immunity to viral infection depends critically on a successful type I interferon (IFN-I) response (10) . IFN-I consists of 15 subtypes of alpha IFN (IFN-␣), 1 subtype of IFN-␤, and 1 subtype of IFN-, all sharing a common type I IFN receptor (11) . IFN-I is produced by almost all virus-infected cells in response to stimulation by intracellular double-stranded RNA (dsRNA), which is detected by the RNA helicases retinoic acidinducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA-5) (12) (13) (14) . In some cell types (mainly macrophages and DCs), type I IFN is produced in response to the triggering of the transmembrane Toll-like receptors (TLR) by exogenous viral RNA or DNA (15) . The production of type I IFNs depends on an autocrine feedback mechanism that involves signaling by IFN-I receptor (16) . Mice deficient in the functional IFN-I receptor (IFNAR Ϫ/Ϫ ), generated by genetic disruption of IFN receptor 1 (17) , are highly susceptible to viral infections because of the absence of the direct viral control effects of IFN-I. The importance of the IFN-I response for restriction of BTV infection is implied by the observations indicating that IFNAR Ϫ/Ϫ mice exhibit increased viral replication and spread to almost all the organs, causing rapid death (18) . Recently, it has been reported that RIG-I and MDA5 contribute to triggering the IFN-I response to BTV in A549 cells (19) . Immune cells play a key role in the production of type I IFN in vivo during the infection by other members of the Reoviridae family such as reovirus (20) . Similarly, BTV induces IFN-I production in plasmacytoid DCs (pDCs) through signaling of the MyD88 adaptor (21) . Thus, hematopoietic cells might play a relevant role in response to BTV infection and IFN-I. In addition, several reports have pointed out that BTV can induce lymphopenia at the peak of infection, leading to immunosuppression, and can increase susceptibility to secondary microbial infection (22) (23) (24) . One of the mechanisms proposed for BTV-induced immunosuppression and lymphoid depletion in lymph nodes includes lymphocyte apoptosis (22, 25) .
The bone marrow (BM) is the primary site of hematopoiesis, a process that relies on hematopoietic stem cells (HSCs) and ultimately gives rise to all the blood cells from myeloid and lymphoid lineages (reviewed in reference 26). Viruses such as parvovirus (27) , coxsackievirus B3 (28), and dengue virus (29) have developed different strategies to disrupt BM function. Infection of HSCs is one of the strategies used by viruses to disrupt the hema-topoiesis as a means to cause immunosuppression (30) . Furthermore, during systemic viral infections, IFN-I from HSCs has been proved to be essential for the control of viral replication and dissemination to different organs (31 
MATERIALS AND METHODS
Viruses, cells, and infections. All virus stocks were grown in baby hamster kidney (BHK) cells, and viral titers were determined by plaque assay on Vero cells in semisolid agar medium as previously described (18) . BTV-8 (Belgium/06), originally isolated from an infected calf in Belgium in 2006 (32) , was used in the experiments. Inactivated BTV was prepared by incubation with freshly prepared 3 mM binary ethyleneimine (BEI) for 24 h at 37°C, and the process was stopped by adding 0.02 M sodium thiosulfate (33) . Murine bone marrow cells (BMCs) were incubated for 1 h at 37°C with virus at a multiplicity of infection (MOI) of 0.1 PFU/cell at day 0 of culture, after 6 days (day 6) or after 10 days (day 10) in culture. Thereafter, cells were washed once with phosphate-buffered saline (PBS) and resuspended in complete RPMI 1640 medium supplemented with 200 U/ml of recombinant mouse granulocyte-macrophage colony-stimulating factor (rmGM-CSF) and cultivated as described below. Similarly, ovine BMCs were prepared as described below and infected with BTV-8 at MOI 0.1 PFU/cell for 1 h at 37°C. Cells were washed once with PBS and put in culture in complete medium supplemented with ovine GM-CSF for 7 days. Ovine splenocytes and thymocytes were isolated by mechanical disruption of the spleen and thymus, respectively, and maintained in complete RPMI medium supplemented with 10% T-STIM medium (BD). Cells were infected with BTV-8 at MOI of 0. 1 PFU/cell.
Mice and inoculations. C57BL/6 mice were purchased from Harlan Interfauna Ibérica S.L. IFN-␣/␤ R o/o IFNAR Ϫ/Ϫ mice, on a C57BL/6 genetic background, were generously provided by R. Zinkernagel (Institute of Experimental Medicine, Zurich, Switzerland). Animals were maintained under pathogen-free conditions and allowed to acclimatize to the biosafety level 3 (BSL3) animal facilities at the Centro de Investigación en Sanidad Animal (INIA, Madrid, Spain) for 1 week before being used in the experiments. Mice were infected at 8 to 10 weeks of age by intravenous inoculation of 10 PFU/ml of BTV-8 and were examined for clinical symptoms daily. Whole blood was collected in EDTA from all animals at regular intervals after inoculation. At 2, 4, and 6 days postinfection (dpi), mice were sacrificed. All experiments with live animals were performed under the guidelines of the European Community (86/609) and were approved by the site ethical review committee at the Centro de Investigación en Sanidad Animal (CISA-INIA).
Generation and culture of ovine BM-DCs. Twelve-month-old sheep of the Spanish Alacarreña breed were used in this study. Animals were maintained in the biosafety level 3 (BSL3) animal facilities at the Centro de Investigación en Sanidad Animal (INIA, Madrid, Spain) and were euthanized in accordance with the guidelines of the European Community (86/609) as approved by the site ethical review committee at the Centro de Investigación en Sanidad Animal (CISA-INIA). Bone marrow was prepared from the sternum after longitudinal sectioning in two halves and scraping of the red marrow. BM-DCs were prepared according to the method described in reference 34. Briefly, BMCs were released by peeling the marrow and, after lysis of red blood cells with ammonium chloride, resuspended in complete RPMI 1640 (Invitrogen GmbH, Eggenstein, Germany) supplemented with 10% fetal calf serum (FCS), L-glutamine (Sigma-Aldrich) (2 mM), HEPES (Sigma-Aldrich) (5 mM), and 2-mercaptoethanol (Sigma-Aldrich) (50 M) and cultured in a 100-mm-diameter petri dish at 37°C in 5% CO 2 for 7 days. RPMI medium was supplemented with 20 ng/ml of ovine recombinant GM-CSF (BioSource). Fresh medium containing the same amount of cytokine was added every 3 days.
BMCs were incubated for final activation with 1 g/ml lipopolysaccharide (LPS; Sigma-Aldrich) during 16 h.
Generation and culture of murine BM-DCs. BMCs were isolated as previously described (35) . Briefly, BMCs were obtained by flushing tibias and femurs with PBS. The BMCs were resuspended in ammonium chloride to lyse red blood cells and then mixed with RPMI 1640 (Invitrogen GmbH, Eggenstein, Germany) supplemented with 10% FCS, L-glutamine (Sigma-Aldrich) (2 mM), HEPES (Sigma-Aldrich) (5 mM), and 2-mercaptoethanol (Sigma-Aldrich) (50 M). Cells were seeded at a dose of 2 ϫ 10 6 cells per 100-mm-diameter dish in 10 ml of culture medium containing 200 U/ml of rmGM-CSF (Peprotech). After every 3 days of culture, half of the medium was carefully removed and replaced with medium supplemented with rmGM-CSF. To drive BMCs to complete maturation, nonadherent cells were collected at day 10 of culture and resuspended in 10 ml of culture medium containing 100 U/ml of rmGM-CSF and LPS (Sigma-Aldrich) at 1 g/ml.
Flow cytometric analysis. BM-DCs were pelleted by centrifugation and resuspended in staining buffer (PBS containing 2% [vol/vol] FCS and 0.02% [wt/vol] NaN 3 ) for flow cytometry acquisition. Expression of cell surface molecules on murine DCs was quantified using the following monoclonal antibodies (MAbs): CD11c-phycoerythrin (PE), CD11b-allophycocyanin (APC), I-A-PE, CD80-PE, CD86-APC, B220-APC, CD8-peridinin chlorophyll protein (PerCP), CD4-fluorescein isothiocyanate (FITC), and CD40-FITC (BD Pharmingen). For ovine DCs, the following antibodies were used: anti-CD11c from VMRD, anti-mouse IgG1-R-phycoerythrin (PE) (BD Biosciences), FITC-conjugated anti-major histocompatibility complex class II (MHC-II) DQ/DR (Serotec), and A647-conjugated CD14 (Serotec). Cells were then washed twice in staining buffer and fixed in PBS-1% FCS-4% paraformaldehyde (PFA) (wt/vol). Cells were acquired using a FACSCalibur flow cytometer (Becton, Dickinson, Franklin Lakes, NJ). Dead cells were excluded on the basis of forward and side light scatter. Data were analyzed with FlowJo (Tree Star Inc., San Francisco, CA).
Determination of cell viability and apoptosis. Viability and apoptosis in BM-DCs were determined using an annexin V-PE apoptosis detection kit from Pharmingen (BD Pharmingen) according to the manufacturer's instructions. Briefly, cells were centrifuged and resuspended in 100 l of binding buffer in the presence of 5 l of annexin V-PE and 5 l of 7-aminoactinomycin D (7-AAD). After 15 min incubation at room temperature, 400 l of binding buffer was added, and cells were analyzed by flow cytometry using a FACSCalibur flow cytometer (Becton, Dickinson, Franklin Lakes, NJ) and CellQuest Pro software.
Statistical analyses. Data handling, analyses, and graphic representations were done using Prism 2.01 (GraphPad Software Inc.). Statistical differences were determined using a Student t test or one-way analysis of variance (ANOVA) (P Ͻ 0.05).
RESULTS

BTV infects ovine thymus and spleen cells but not HSCs.
To investigate the susceptibility of hematopoietic cells to BTV infection, ovine BMCs (OvBMCs) were obtained from the sternum and were cultured in OvGM-CSF as indicated in Materials and Methods. OvBMCs were infected with BTV-8 at MOI of 0.1 PFU/ cell and kept in culture with OvGM-CSF for 8 additional days. In parallel, ovine cells of hematopoietic origin such as cells from spleen and thymus (SSC and STC, respectively) were isolated and infected with BTV-8 at MOI of 0.1 PFU/cell. Viral production was determined by plaque assay in Vero cells at different times postinfection. BTV replicated productively in SSC and STC cells but failed to replicate in OvBMCs (Fig. 1A) . Thus, we can conclude that BTV-8 infects cells of hematopoietic origin but not HSCs.
To determine whether DC development was affected by BTV attachment/internalization without viral replication, we looked for OvBM-DC morphology by microscopy and found that BTV-infected OvBM-DCs showed morphology similar or identical to mock-infected OvBM-DC morphology (data not shown), indicating that the addition of BTV to OvBMCs did not affect their development into mature OvBM-DCs. Furthermore, we measured the expression of MHC-II and CD11c molecules by flow cytometry on mature OvBM-DCs after 7 days in culture with OvGM-CSF. Interestingly, the pattern of expression of MHC-II was upregulated on BTV-infected OvBM-DCs compared with mock-infected OvBM-DCs (mean fluorescence intensity [MFI] of mock-infected BM-DCs, 47.8 Ϯ 2.3; MFI of BTV-infected BMDCs, 85.3 Ϯ 5.5) (statistically significant by Student t test, P Ͻ 0.0001) (Fig. 1B) , suggesting that BTV induce maturation of OvBM-DCs in the absence of viral replication due to BTV binding to a cellular receptor or other secreted factors that may induce OvBM-DC maturation.
HSCs and immature BM-derived DCs are highly susceptible to BTV infection in the absence of IFN-I receptor. We have previously shown that mice with the IFN-I receptor knocked out (IFNAR Ϫ/Ϫ ) are highly susceptible to BTV infection (18) . In sheep, we observed that BTV did not replicate in BMCs but that the virus was able to bypass the IFN-I block and infect cells of hematopoietic origin in spite of their IFN-I competence. Since IFN-I plays an important role in systemic viral infections (31, 36), we investigated whether IFN-I played a role in protecting HSCs from BTV infection. Thus, BMCs were isolated from femurs and tibias of C57BL/6 or IFNAR Ϫ/Ϫ mice and were cultured in RPMI medium in the presence of 200 U/ml of GM-CSF. First, HSCs (t ϭ 0) were infected with BTV-8 at an MOI of 0.1 PFU/cell and grown during 11 days in the presence of GM-CSF, and the amount of virus produced was measured in supernatants by titration on Vero cells. Supernatants from IFNAR Ϫ/Ϫ HSCs showed increased viral production starting at day 1 postculture to reach a maximum of a 2-log 10 -fold increase by day 6 ( Fig. 2A) . At this time point, the viral production started to decline, mainly due to the loss of viable cells in the culture. In contrast, the viral titers decreased in C57BL/6 mice by day 1 postculture and were at undetectable levels by day 4 postculture ( Fig. 2A ) (5 PFU/ml, the detection limit of the assay), indicating that BTV are able to replicate in HSCs from IFNAR Ϫ/Ϫ mice but not in those from wild-type mice.
To establish whether BTV-8 could infect at multiple stages along the developmental pathway of BM-DCs and whether this infection relied on IFN-I, the same experimental design was used but cells were previously cultured with GM-CSF during 6 days and then infected (t ϭ 6). At day 6, BM-DCs showed an immature phenotype according to CD11c/MHC-II staining results (data not shown). Thus, immature C57BL/6 or IFNAR Ϫ/Ϫ BM-DCs were infected with BTV-8 (MOI of 0.01 PFU/cell) and viral production was quantified by plaque assay on Vero cells. Supernatants from C57BL/6 BM-DCs did not show any viral production whereas IFNAR Ϫ/Ϫ BM-DCs showed a 2-log increase at 2 dpi (Fig. 2B ), suggesting that BTV-8 is capable of replicating on immature IFNAR Ϫ/Ϫ BM-DCs. An experiment of the same design was performed using BM-DCs from C57BL/6 or IFNAR Ϫ/Ϫ mice at day 10 postculture and infected on that day (t ϭ 10) in which BM-DCs showed a mature phenotype according to CD11c/MHC-II staining results (data not shown). Neither C57BL/6 nor IFNAR Ϫ/Ϫ mature BM-DCs were infected by BTV-8 as indicated by the reduction in virus titer detected on the supernatants of these cells after 24 hpi (Fig. 2C) . Although cells start to die after 24 h of addition of LPS, cells were kept for additional 24 h (48 hpi) in order to determine whether viral replication was detected at later times postinfection. Viral replication was not detected either at 24 hpi or at 48 hpi in mature BM-DCs from IFNAR Ϫ/Ϫ or C57BL/6 mice infected with BTV. Thus, mature BM-DCs were not susceptible to BTV-8 infection independently of the expression of IFN-I receptor.
BTV replication interferes with BM-DC development. In order to determine whether viral infection had any effect on cell differentiation or surface expression of proteins required for Tcell stimulation, we next analyzed the effect(s) of BTV-8 replication on cell maturation and expression of costimulatory molecules CD80 and CD86 (CD80/86), CD40, and MHC class II. C57BL/6 or IFNAR Ϫ/Ϫ BM cells infected in vitro with BTV-8 at days 0, 6, and 10 postdevelopment (t ϭ 0, t ϭ 6, and t ϭ 10) were cultured in the presence of GM-CSF until day 10 and brought to maturation by addition of LPS for an additional 24 h. Initially, we studied the expression of CD11c and CD11b to determine if BTVinfected BM-DCs acquired a mature phenotype. Mock-infected cultures (IFNAR Ϫ/Ϫ and C57BL/6) showed an increase in size and granularity after LPS treatment (as determined by forward and side scatter) and were CD11c ϩ CD11b ϩ (data not shown). These data indicated that the lack of signaling mediated by IFN-I was not affecting the development of BM-DCs from HSCs in IFNAR Ϫ/Ϫ mice. BTV-infected BM-DCs from IFNAR Ϫ/Ϫ mice at day 0 did not show an increase in size after the addition of LPS; furthermore, their forward-to-side-scatter light profile suggested dying cells (data not shown). Morphologically, these cells showed rapid cell shrinkage and increased cell granularity, which are changes often associated with apoptosis. Therefore, we monitored cell apoptosis by 7-AAD and annexin V staining during the development of BM-DCs after infection (Fig. 3A) BM-DCs at t ϭ 0 starting at day 4 postmaturation and t ϭ 6 at day 11 postmaturation. Those infected at a later stage of maturation (t ϭ 10) did not display a significant increase in apoptosis. All these results confirmed that BTV infection caused the apoptosis of infected immature BM-DCs and HSCs that lack IFN-I receptor signaling.
On the basis of these results, we analyzed the expression of costimulatory molecules and of MHC class II only on mock-and BTV-infected BM-DCs at day 6 (t ϭ 6) and 10 (t ϭ 10) from IFNAR Ϫ/Ϫ and C57BL/6 mice after incubation with LPS because most BTV-infected BM-DCs at day 0 were dead at the time of maturation. As we have shown before, IFNAR Ϫ/Ϫ BM-DCs were not productively infected with BTV at day 10 postmaturation. However, the binding of BTV to the cellular receptor might have an effect on DC function. Thus, we have included BM-DCs infected at t ϭ 10 in these experiments. The results showed an increase in the expression of costimulatory molecules in IFNAR Ϫ/Ϫ BM-DCs infected at day 10 (t ϭ 10) similar to that seen with mock-infected IFNAR Ϫ/Ϫ BM-DCs (Fig. 4) . Meanwhile, IFNAR Ϫ/Ϫ BM-DCs infected at day 6 postmaturation did not upregulate the expression of CD80, CD86, and MHC-II, and CD40 expression remained as high as on immature DCs, suggesting that BTV infection inhibits the maturation of BMDCs. In contrast, BTV-infected BM-DCs from C57BL/6 mice showed upregulation of CD80, CD86, CD40, and MHC-II to levels similar to those seen with mock-infected BM-DCs (data not shown). Thus, infection of immature but not mature BM-DCs from IFNAR Ϫ/Ϫ mice interfered with the expression of molecules required for T-cell stimulation. To determine if viral replication was necessary for this observed interference in BM-DC development, BEI-inactivated BTV was used to infect BM-DCs from IFNAR Ϫ/Ϫ mice at days 0, 6, and 10 postdifferentiation. These cultures underwent an increase in size and granularity as well as upregulation of CD80/86 and MHC-II similar to mock-infected controls (data not shown), indicating that virus replication is needed to trigger the impairment of BM-DC development.
HSCs from IFNAR ؊/؊ mice are susceptible to BTV infection in vivo. The in vitro data indicated that BTV is able to replicate in HSCs and immature DCs in the absence of type I IFN receptor signaling. To determine whether HSCs were infected in vivo, 24 IFNAR Ϫ/Ϫ mice and 24 C57BL/6 mice were inoculated with 10 PFU of BTV-8 and 8 mice per day were sacrificed at 2, 4, and 6 dpi. Six animals were used as mock-infected controls. All IFNAR Ϫ/Ϫ mice developed clinical signs characterized by ocular discharges and apathy starting at 48 hpi. Meanwhile, C57BL/6 did not show any symptoms, as previously described (18) . HSCs were obtained from femurs and tibias of individual mice, and 2 ϫ 10 6 cells were placed in a 100-mm-diameter dish with medium containing GM-CSF (as described in Materials and Methods). After 2 h of culture, supernatants were taken to quantify viral production as determined by plaque assay in susceptible Vero cells. Infectious virus was recovered from supernatants of HSCs from IFNAR Ϫ/Ϫ mice sacrificed at 4 and 6 dpi but not from those sacrificed at 2 dpi (Fig.  5A) . No infectious virus from C57BL/6 mice was detected at any time postinfection (data not shown). Additionally, supernatants were taken at different times postdifferentiation to determine if HSCs from infected mice maintained in culture during 10 days in the presence of GM-CSF and kept for an additional 24 h with LPS were producing virus. All HSCs from IFNAR Ϫ/Ϫ mice sacrificed at 4 or 6 dpi showed an increase in viral titers at up to day 9 of culture ( Fig. 5B) . Interestingly, although HSCs from mice sacrificed at 2 dpi had no detectable virus after 2 h, at day 3 of culture the amount of virus increased 3-log 10 -fold (Fig. 5B) . No viral production was detected at any time point in C57BL/6 mice infected with BTV (data not shown). These data suggest that BTV replicates in HSC in vivo in the absence of type I IFN receptor signaling.
HSCs from BTV-infected IFNAR ؊/؊ mice do not develop to mature DCs. Based on the previous data showing that BTV infected HSCs from IFNAR Ϫ/Ϫ mice in vivo, we next analyzed whether these HSCs developed to mature BM-DCs. Thus, HSCs were obtained from BTV-infected IFNAR Ϫ/Ϫ or C57BL/6 mice at 2, 4, and 6 dpi and were cultured in GM-CSF for 10 days. The expression of CD11c and CD11b was assessed by flow cytometry after treatment with LPS to induce complete maturation at day 11 postculture (Fig. 6A) . Cultures from naive IFNAR Ϫ/Ϫ HSCs started with 7% CD11c ϩ cells and showed a dramatic increase in the percentage of CD11c ϩ cells (up to 80%) after LPS treatment. In stark contrast, HSC cultures from BTV-infected IFNAR Ϫ/Ϫ mice did not increase the amount of CD11c ϩ cells (Fig. 6A ). This lack of increase in the percentage of CD11c ϩ cells was not observed in cultures from BTV-infected C57BL/6 mice (data not shown). To expand upon this observation and define the impact that BTV has on the development of BM-DCs, we evaluated the expression of MHC-II and costimulatory molecules CD80 and CD86 by flow cytometry on live CD11c ϩ cells after 11 days in culture as explained above. Compared with BM-DCs from naive IFNAR Ϫ/Ϫ mice, BM-DCs derived from BTV-infected IFNAR Ϫ/Ϫ mice at day 2, 4, and 6 postinfection showed a significant reduction in MHC-II, CD80, and CD86 expression (Fig. 6B) . Thus, these results indicated that HSC from BTV-infected IFNAR Ϫ/Ϫ mice were not able to differentiate into mature BM-DCs in vitro. Given that HSCs from BTV-infected IFNAR Ϫ/Ϫ mice did not develop into mature DCs in vitro, the generation of distinct DC subsets in vivo from HSCs may also be compromised during BTV infection. To address this issue, spleens from BTV-infected IFNAR Ϫ/Ϫ mice were obtained at 2, 4, and 6 dpi and DC subsets were analyzed by flow cytometry (Fig. 7) . CD11c ϩ CD8␣ ϩ and CD11c ϩ CD8␣ Ϫ DC population numbers decreased in the spleen of BTV-infected IFNAR Ϫ/Ϫ mice compared to noninfected mice. In contrast, as the infection progressed in C57BL/6 mice (4 and 6 dpi), the number of CD11c ϩ CD8␣ ϩ DCs in the spleen increased. CD11c ϩ CD8␣ Ϫ DC numbers did not appear altered in C57BL/6 mice. A different pattern for plasmacytoid DCs (CD11c ϩ B220 ϩ ) was observed in BTV-infected IFNAR Ϫ/Ϫ mice, in which they increased their number at early times postinfection but declined in number sharply before animal death occurred (6 dpi) (Fig. 7A) . To determine whether the differentiation pathway from HSC of lymphoid lineage was also compromised due to BTV infection, CD8 ϩ , CD4 ϩ , and CD45R ϩ populations were analyzed by flow cytometry through the sample period. None of these populations were shown to be depleted due to BTV infection (Fig. 7B) ; in fact, IFNAR Ϫ/Ϫ mice as well as C57BL/6 mice showed similar profiles in the numbers of cells. Thus, DC subsets are altered in vivo during BTV infection in the absence of type I IFN receptor. indicate that a major effect of type I IFNs produced in BM cells is to induce antiviral proteins, resulting in limiting replication or absence of BTV in the BM compartment and, consequently, control of systemic viral dissemination. In addition, this control of viral replication exerted by type I IFN in BM progenitors might explain the different durations of viremia caused by BTV in individual animals. Thus, those animals that may have the IFN-I route compromised due to environmental factors or other asymptomatic infections might not control BTV replication in the HSC compartment, resulting in higher viremia and lack of BTV control.
We report that the expression of IFN-I receptor confers protection against BTV infection in BM-derived cells. First, we present data from in vitro experiments in which HSCs were infected by BTV-8 in the absence of IFN-I receptor, resulting in impairments in BM-DC development. Second, our in vivo data support the idea that HSC targeting by BTV in IFNAR Ϫ/Ϫ mice results in these cells failing to develop properly into DCs, suggesting that IFN-I is mediating protection of HSCs from BTV infection. The contribution of IFN-I produced in HSCs to viral protection has also been studied in other mouse models. Infection of mice with reovirus T1L, another member of the Reoviridae family, led to fatal disease when BM cells were not able to respond to the IFN-I they produced (20) . Similarly, IFN-I secreted by HSCs seems to be essential to control systemic viral infections such as those by mouse hepatitis virus (MHV) or vesicular stomatitis virus (VSV) (31) .
One possible hypothesis regarding the mechanism for suppression of HSC development is that disruption of hematopoiesis occurs only when HSCs are infected at a particular differentiation stage. Since we are generating in vitro BM-derived DCs in the presence of GM-CSF (see Materials and Methods), restricting our study to myeloid precursors, we have approached this issue by infecting BM cells (HSCs) and BM-derived DCs at different developmental stages. First, we have shown that the infection of BM cells from IFNAR Ϫ/Ϫ mice by BTV-8 in vitro interferes significantly with CD11c ϩ DC development, showing a reduced cell surface expression of proteins involved in antigen presentation (MHC class II) and costimulation (CD80 and CD86 molecules). The expression of these molecules is associated with maturation of DCs and is required for the generation of an effective immune response. Thus, the lack of costimulation via CD80 and/or CD86 may impair the development of immune responses by inducing T cell anergy or apoptosis instead of activation (37) . The reduction in the expression of MHC class II molecules is also likely to have a profound effect on the priming and development of cellular immune responses. The disruption in DC development is observed only when the infection is established at early time points during culture. When BTV is added at day 0 (HSCs) or at an intermediate DC maturation stage (t ϭ 6), DC development is impaired, but when the virus is added at 10 days postmaturation (t ϭ 10), the development remains intact. Although we have not detected viral infection when the virus is added at day 10 either in DCs from IFNAR Ϫ/Ϫ mice or in those from C57BL/6 mice, we cannot discard the possibility that these cells may be infected but require more than 48 h to complete a replication cycle. In fact, this may be the case, as such a finding has been described in ovine DCs, where BTV infects mature DCs and promotes cell survival, suggesting that the virus dissemination is coupled to DC (8) . Therefore, BTV replication in the absence of type I IFN response occurs mainly in early hematopoietic precursors, leading to apoptosis and/or lack of maturation of myeloid progenitors. Interestingly, BM cells from C57BL/6 mice, with an intact IFN-I receptor, are not infected by BTV and DC development is not affected. Moreover, addition of inactivated BTV to BM-DC cultures of IFNAR Ϫ/Ϫ mice did not have any effect on DC differentiation, suggesting that viral replication is required to interfere with DC development.
Interestingly, HSCs are also infected by BTV in vivo in the absence of IFN-I receptor. Thus, HSCs isolated from BTV-infected IFNAR Ϫ/Ϫ mice, and grown with GM-CSF, do not develop into mature DCs in vitro. At day 2 postinfection, when the viral infection of HSCs is undetectable, viral particles appear in culture only at later times postmaturation (day 4) (D4; Fig. 4 ). This suggests that HSCs may be among the primary targets of BTV in vivo and that this compartment is partially protected from viral infection by the IFN-I it produces in response to viral infection. Nonetheless, once the virus has infected HSCs, the detrimental effect mainly affects the myeloid progenitor subset, as observed in vitro. Accordingly, we have observed that myeloid DC populations are depleted in spleens of BTV-infected IFNAR Ϫ/Ϫ mice whereas CD8 ϩ , CD4 ϩ , and CD45R ϩ cell populations expand similarly to those of BTV-infected C57BL/6 mice. Other viruses with immunosuppressive capacity have been reported to disrupt hematopoiesis (27, 30, 38) . Various studies have shown that BTV induces a transient immunosuppression with a predisposition to secondary microbial infections (7, 22, 39) . Therefore, our new findings in which BTV targets HSCs suggest that this phenomenon is likely to contribute to the transient immunosuppression observed in the pathogenesis of BTV at early time points of infection. In turn, the absence or failure of response to type I IFN may lead to animal death.
Finally, the protective role of IFN-I against BTV infection of HSCs has also been demonstrated in ovine BM cells. Ovine BM cells with an intact IFN-I receptor are not infected by BTV; neither is their fate compromised by BTV replication. Actually, we have found that BTV is not able to replicate in ovine BM cells, probably due to the antiviral action of IFN-I. Therefore, the presented results suggest that as long as the IFN-I response remains intact, BTV is unlikely to infect HSCs productively, resulting in no apparent deleterious effect on hematopoiesis. However, our results demonstrate that a small failure (congenital or due to other concomitant infections) in the IFN-I response has detrimental effects in the animals, resulting in defective antigen presentation, severe immunosuppression, and, ultimately, animal death.
